Rationale: Although epidemiological studies consistently show that chronic obstructive pulmonary disease is associated with an increased risk of lung cancer, debate exists as to whether there is a linear relationship between the severity of airflow limitation and lung cancer risk.
Over the past 30 years, both cross-sectional and prospective studies have consistently shown that the presence of chronic obstructive pulmonary disease (COPD), characterized by irreversible airflow limitation and reduced expiratory flow rates, confers a greater risk of lung cancer (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . This association is independent of smoking history and, strongest when COPD is defined by spirometry with the control group confirmed to have normal lung function (1, 4, 5) .
In the population-based National Health and Nutrition Examination Survey (4), increasing severity of spirometrydefined COPD was associated with greater risk of lung cancer. The risk associated with mild COPD was triple that of smokers with normal baseline lung function and sixfold greater in those with moderate to severe COPD (4) .
A similar magnitude of risk (four-to sixfold) was found in a cross-sectional study of moderate to heavy smokers with lung cancer when compared with a randomly selected group matched for age, sex, and smoking histories (5) . When the lung cancer risk conferred by FEV 1 was examined, an inverse dose-response relationship was found where even a small decrease in percent predicted FEV 1 (,90%) was associated with an increased risk of lung cancer (8) .
This increased risk extends to those with "restrictive" lung disease (4) . However, in a recent study using a clinic-based COPD cohort, subjects with Global Initiative for Chronic Obstructive Lung Disease (GOLD) grades 1-2 were found to have a greater risk of lung cancer than those of GOLD grade 4 (10) . This unexpected observation argues against a linear relationship between airflow limitation and lung cancer risk, leading to some debate (11, 12) .
Underlying this debate is the observation that reduced expiratory flow rates have also been associated with increased all-cause, lung cancer and cardiovascular mortality (3), implicating a differential survival effect (11) . This debate is highly relevant to the current era of screening for lung cancer by chest computed tomographic (CT) imaging, because risk stratifying eligible smokers is considered a key element of screening, where the risk of lung cancer must be balanced against the harm-to-benefit ratio of screening relative to dying of other causes (9) .
Why smokers with underlying airflow obstruction are at greater risk of lung cancer than smokers with normal lung function remains unknown (13) (14) (15) (16) . Early hypotheses suggested that patients with COPD have a greater accumulation of carcinogens in the airway (1, 2) . Other hypotheses link lung cancer with underlying emphysema and lung remodeling (13, 14) . The innate immune response has been implicated in both COPD and lung cancer in large prospective studies (15) (16) (17) (18) . Systemic inflammation, reflecting innate immune hyperresponsiveness, has been linked to both progression of lung remodeling leading to COPD and DNA damage leading to lung cancer (18) .
In 2009, it was suggested that the microclimate of remodeling underlying COPD, characterized by excess metalloproteinases and growth factors, might initiate premalignant transformation, termed epithelial-mesenchymal transition (EMT) (15) . Since 2010, when EMT was first identified in patients with COPD (19) , it has been associated with worsening airflow limitation, and has subsequently been reported by three further research groups using surgical samples from patients with or without COPD with lung cancer (20) . EMT is considered a precursor to many other epithelial-based cancers, and has been shown to be potentially reversible with immunemodulatory treatment (15) .
As spirometry is not routinely performed in the workup of all unscreened cases of lung cancer, unbiased data on airflow limitation in lung cancer are limited. With the recent interest in CT screening for lung cancer, the relationship between airflow limitation and lung cancer can be more robustly examined (6) (7) (8) . Using data from the American College of Radiology, Imaging Network (ACRIN) cohort of the National Lung Screening Trial (NLST), a large, prospective study in 18,714 subjects, we re-examined the relationship between GOLD-based airflow limitation and the development of lung cancer. Preliminary results of this study have been reported in abstract form (21) .
Methods

Subjects
The recruitment and study design of the full NLST, involving 53,452 screening participants, yielding 2,058 histologyconfirmed lung cancers, has been described elsewhere (22) . In the ACRIN cohort of the NLST, participants from 23 centers agreed to undergo baseline prebronchodilator spirometry (n = 18,714). From this cohort, 768 histology-confirmed lung cancer cases were diagnosed over the study period of 7.5 years (22) .
Pulmonary Function Testing
In the NLST-ACRIN cohort, prebronchodilatory spirometry was measured at baseline screening (T0) in the majority of participants meeting the following criteria: no chest infection in the preceding 3 weeks and no use of a shortacting bronchodilator inhaler in the preceding 6 hours, or long-acting bronchodilator in the preceding 24 hours. Those not meeting these criteria were rescheduled for spirometry testing at a later visit. The spirometry was measured by trained staff using a Spiropro spirometer (eResearchTechnology, GmbH, Estenfeld, Germany). The severity of airflow limitation was defined according to the GOLD criteria grades 1-4 (www.GOLD.org, accessed February 24, 2016).
Lung Cancer Case Rates
Lung cancer cases included all those diagnosed during the trial, whether screen or nonscreen detected, or prevalent (diagnosed during the first year or T0) or incident lung cancers (diagnosed during subsequent years [T1-T6]; lung cancer prevalence is the number of lung cancer cases diagnosed as a percentage of the total number of screening participants including both prevalent lung cancers [diagnosed in the first year of screening (T0)] and incident cancers [diagnosed during subsequent years T1-T6], described as a percentage; lung cancer incidence rate [IR] is the number of lung cancer cases diagnosed over a defined period as a function of the total number of person years calculated according to the total number of screening participants and years of screening, described as rate/1,000 person years; lung cancer IR ratio (IRR) is the ratio of one lung cancer IR relative to a reference lung cancer IR, and provides a crude estimate of relative risk, but in the context of comparing two IRs rather than two prevalence rates). All lung cancers cases were confirmed on histological sampling according to accepted international classification ORIGINAL RESEARCH criteria (21) . We report the old bronchioloalveolar cancer (BAC) subgroup separately from adenocarcinomas, because they have been previously associated with "histology shift" and overdiagnosis (22) .
Lung function results and lung cancer histology results were available for 758 of the 768 lung cancer cases (99% of total). In a sensitivity analysis, in which only spirometry meeting strict American Thoracic Society criteria (grade A) were included in the analysis (n = 13,530, 72% of the total), the relationships identified in the larger cohort (n = 18,714) were reanalyzed.
For comparative purposes, the lung cancer IRs (per 1,000 person yr) and incident rate ratios (IRR) in this NLST-ACRIN cohort were compared with those from two other prospective lung cancer studies, a non-screening study (4) and screening study (7) , where airflow limitation was assessed using spirometry at study baseline. In a further analysis we sub-grouped those with no airflow obstruction and compared lung cancer IRs in those with restrictive lung disease (4) and GOLD unclassified (GOLD U) (23), relative to "healthy" smokers.
Statistical Analysis
Differences in lung cancer IRs, stratified by severity of airflow limitation based on GOLD grades 1-4 were compared. Differences in lung cancer IRs were compared using IR per 1,000 person years and IRR. Differences in lung cancer histology were compared according to GOLD status using Fisher's exact test and mid-P exact test. Confidence intervals for IRs and IRRs were estimated using the exact method. Significance was defined as a two-tailed P less than 0.05. All statistical analyses were performed using SAS (v9. 4 Table 1 shows a comparison of the demographic characteristics of the full NLST trial cohort (n = 53,452) and lung cancer cases (n = 2,058) compared with the NLST-ACRIN cohort (n = 18,714) and lung cancer cases (n = 768). The NLST-ACRIN cohort participants are very similar to the full NLST study participants (22) . Based on the prebronchodilator pulmonary function testing in the NLST-ACRIN cohort, 64.3% had no airflow limitation, a further 27.4% had airflow limitation approximating GOLD 1-2 COPD, 5.8% had GOLD 3, and 1.1% had GOLD 4 severity COPD (Table 1 ). There were missing lung function data for 239 participants and missing FEV 1 % predicted in 7 participants with airflow limitation. 
Results
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A comparison of the demographic variables, lung cancer rates, and histology, according to the presence or absence of airflow limitation, is shown in Table 2 . Regardless of the screening interval, airflow limitation was associated with a twofold greater lung cancer IR than those with no airflow limitation (P , 0.0001 for screening and follow-up intervals). Airflow limitation was also associated with significantly less BAC (now redefined as adenocarcinoma in situ or minimally invasive adenocarcinoma) and significantly more non-small cell lung cancer histology (Table 2 ). Airflow limitation was also associated with marginally more squamous cell cancers and marginally less adenocarcinoma. These differences are compared further in Table 3 , where demographic variables, lung function, and cancer histology are compared across severity of airflow limitation based on GOLD grade.
The lung cancer incidence (per 1,000 person yr) and IRRs (referenced against those with no airflow limitation or GOLD 1 airflow limitation), are shown in Table 4 and Figure 1 . In the whole cohort (n = 18,714), the incidence in each of the GOLD groups 1-4 were significantly greater than for the referent group with "no airflow limitation," and showed a linear relationship indicating that increasing severity of airflow limitation is directly associated with an increased risk of lung cancer (P , 0.001 for trend). This linear relationship extended to include GOLD U (see Table 5 and Figure 2) .
In a sensitivity analysis, when only those whose spirometry met strict American Thoracic Society criteria were included (73% of the total, n = 13,530), we found almost identical lung cancer IRs across the GOLD groups (see Table 4 ; see also Figure E1 in the online supplement). The relationship between severity of airflow limitation and risk of lung cancer was again linear (P , 0.001 for trend).
In Table 4 , lung cancer incidence stratified by GOLD grade according to baseline spirometry, is compared with two other prospective studies (4, 7), one a nonscreening study (4) and the other a screening study (7) . Despite representing different risk populations and having different study designs, the lung cancer incidence (and thus risk) consistently shows a linear relationship, with GOLD 3-4 subjects having a three-to sixfold greater risk for lung cancer than those with no airflow limitation and two-to threefold greater risk for those with GOLD 2 COPD. We found the same relationship across GOLD groups regardless of whether lung cancer was diagnosed in the CT or chest X-ray arms, where the latter better simulates unscreened lung cancers (Table  E1 ). We also found that FEV 1 % predicted less than 90% was inversely related to lung cancer incidence ( Figure E2 ). In addition, lung cancer rate ratios were increased for those with restrictive spirometry (Figure 2) . Importantly, although lung cancer prevalence was linearly related to the severity of airflow obstruction after stratification for smoking status, lung cancer detection status, and radiological presence of emphysema at baseline ( Figure  E3 ), this association was much reduced for lung cancer mortality. Lastly, we assessed the relative contribution of age, pack-years, and FEV 1 % predicted to lung cancer risk in a multivariate analysis comparable to that reported by Tockman and colleagues (1) . This showed that FEV 1 % predicted was the single most important predictor of lung cancer relative to age or pack-years (Table E3) . Definition of abbreviations: BAC = bronchioloalveolar cancer; BMI = body mass index; COPD = chronic obstructive pulmonary disease; CT = computed tomography; CXR = chest X-ray; Hx = history; T0 = baseline; T6 = combination of follow-up years 6 and 7. *Combines prevalent lung cancers (T0) and incident lung cancers (T1-T6 ). **BAC has been redefined as adenocarcinoma: in situ and minimally invasive adenocarcinoma and defined separately above from adenocarcinoma as they are representative of lung cancers identified by CT screening and associated with "histology shift" and "overdiagnosis" relative to CXR screening (21) .
ORIGINAL RESEARCH Discussion
In an analysis of the NLST-ACRIN cohort, we found a direct linear relationship between increasing severity of airflow limitation, according to GOLD 1-4 spirometry grade, and increasing risk of lung cancer. To our knowledge, this is the largest prospective study to date that has looked at this relationship. In a second analysis (Figure 2 ), we found that this linear relationship extended to smokers meeting GOLD U and restrictive spirometry (4, 23) with a magnitude comparable to those with airflow limitation of GOLD 1-2 severity. This study also shows that, not only is a reduced expiratory flow rate an important risk variable for developing lung cancer among heavy smokers, it is also one of the most important risk variables relative to those of age and pack-years (Tables 1 and 2, Table E3 ) (1, 2, 5, 8, 24) . This suggests that airflow limitation represents a global barometer of susceptibility to the key smoking-related lung diseases, including lung cancer (25) . The results reported here, showing that the severity of airflow limitation according to GOLD grade correlates in a linear relationship with lung cancer risk, are consistent with several other published studies (4, 7, 8) . This finding extends to even mild to moderate reductions in airflow limitation ( Figure E1 ) according to FEV 1 % predicted (8), a finding confirmed in a meta-analysis (26) .
These findings contrast with those reported by de Torres and colleagues (10), who found that lung cancer risk is greatest in those with mild to moderate COPD. Relative strengths of the NLST are the prospective design, large sample size, and focus on older, asymptomatic smokers, otherwise eligible for CT screening. This contrasts with the participants studied by de Torres and colleagues, who were symptomatic patients with COPD of greater severity. In the de Torres study, the risk of lung cancer was greatest in those who had higher FEV 1 , but lower diffusing capacity Please note that, as GOLD was defined by spirometry parameters, differences are highly significant x P values from the exact test of the association between each histology (yes/no) and COPD groups. The significance level was adjusted via Bonferroni correction to be 0.05/6 = 0.008 to control for multiple comparisons. jj Bronchioloalveolar cancer has been redefined as adenocarcinoma: in situ and minimally invasive adenocarcinoma.
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of carbon monoxide (DL CO ) and lower body mass index (10) . In their study, variables, such as age and pack-years, were no longer a risk factor for getting lung cancer. These findings are hard to reconcile with other larger prospective studies that report age, pack-years, and worsening COPD as the strongest risk variables for lung cancer (1, 4, (27) (28) (29) . One possible explanation for these conflicting results is the very high proportion of patients with COPD with GOLD 3-4 severity present in the clinic population reported in the de Torres study (44%) compared with participants in NLST (20%) and Pittsburgh Lung Screening Study (PLuSS) (15%). This suggests that the clinic population, while being representative of symptomatic severe COPD, and very likely worse emphysema, are not representative of the larger group of relatively unselected smokers at risk of lung cancer. This is important for several reasons. First, although cancer is one of the most important causes of death among patients with COPD with mild disease (40-50%), respiratory disease, cardiovascular disease, and non-cancer-related causes are more common in moderate to severe COPD (where cancer accounts for only 20% of deaths) (30) . It has been argued that, in a clinic COPD population, the frequency of lung cancer was higher in those with mild COPD secondary to a survivor effect, where those with GOLD 3-4 severity are dying before cancer develops (11, 12) . Unlike the strong linear association between severity of airflow limitation and risk of lung cancer (Figures 1 and 2 ), the association with lung cancer mortality is substantially weakened ( Figure E3 ). This contrasts with the strong linear association we found between severity of airflow limitation and non-lung 
cancer-related mortality in this cohort (unpublished data), which is the subject of further publications. Second, in PLuSS, the odds ratio for lung cancer shows a linear relationship for GOLD 1-4 (Table 4) , but a curvilinear (nonlinear) relationship for CT-based emphysema (CTE) severity (semiquantitative), where the highest risk for lung cancer was conferred by mild emphysema (Table E2 ) (7). It is therefore possible that the GOLD 1-2 group, identified by de Torres to be at greatest risk of lung cancer, had a greater prevalence of mild emphysema than our screening participants and more severe emphysema overall. This is consistent with their findings that low DL CO and low body mass index also confer increased lung cancer risk (10) . Lastly, in the de Torres study (10) , over 90% of subjects were men and, given potential sex differences in susceptibility, aeropollutant exposures, COPD prevalence, and histological subtypes, their results may consequently be specific to the cohort they studied. In the current study, where 55% of screening participants were male, we found no difference in lung cancer incidence between genders.
The results of the current study are notable in showing that the prevalence of airflow limitation in the NLST-ACRIN screening cohort of high-risk smokers (35%) was substantially higher in those who went on to develop lung cancer (53%). This means that past lung cancer epidemiological studies, which have almost exclusively failed to account for this difference in prevalence of airflow limitation (or COPD), may spuriously report associations with lung cancer that result from confounding effects with COPD (31-34).
Our results extend those of other studies showing worsening airflow limitation is also associated with more aggressive lung cancer histological subtypes (i.e., less BAC/adenocarcinomas and more squamous/non-small cell cancers) (21, (35) (36) (37) , most notable in those with severe disease (Table 3) . In a secondary analysis, we also show that smokers meeting GOLD U criteria (also labeled as spirometry grade-undefined [SGU] or preserved ratio impaired spirometry [PRISm] ) have an increased risk of lung cancer relative to healthy smoker (nearly twofold) and comparable to those with GOLD 1-2 airflow limitation. In the latter smokers, with only mild reductions in expiratory flow rates, more than 70-80% do not know they have airflow limitation (COPD), conferring a greater risk of lung cancer. 
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With the recent interest in CT screening for lung cancer, there is growing interest in better defining those smokers at greatest risk to maximize the benefit and minimize the harms from screening (9). Our results confirm that smokers with underlying airflow limitation are at greater risk of lung cancer, and this is associated with a two-to fourfold greater lung cancer incidence in screening studies (9, 38) . In a simulation study, Lowry and colleagues (39) examined the effect of competing causes of death in CT screening participants, and concluded that those with COPD may disproportionately benefit from lung cancer screening. However, some argue that screening patients with COPD may not necessarily translate into mortality benefit due to factors such as competing causes of premature death (40) .
In a preliminary analysis of the NLST-ACRIN cohort, we have found that lung cancer-specific mortality reduction was attenuated in those with airflow limitation (15%, P . 0.05) and enhanced in those with no airflow limitation (28%, P , 0.05) (41) .
We suggest that, in those with airflow limitation, more aggressive lung cancers (see previous descriptions here) or competing cause of premature death from causes other than lung cancer may indeed be an issue (11, 41) . This also suggests that those at greatest risk of lung cancer may not necessarily achieve the greatest benefit from screening (40, 42) . This is important, because risk models for lung cancer share the same variables associated with COPD (24), often including a past diagnosis of COPD (27, 28) , or the presence of airflow limitation based on spirometry (29) .
Personalized risk prediction is a recognized feature of CT screening for lung cancer and helps assess the relative benefits and harms of screening (43) . Our results in the NLST-ACRIN cohort not only suggest that the severity of airflow limitation confers differential effects on lung cancer risk and histology (22) , but that it may also affect outcomes according to lung cancer-specific and all-cause mortality (41) . The latter is termed the "competing cause of death" effect, and is beyond the scope of this study. However, this effect has relevance to optimizing the selection of "healthy" smokers for lung cancer screening (the "sweet spot" [44] ) and is the subject of further investigations in this cohort.
Limitations
There are several limitations to this study. First, although comparable with other CT screening studies (7, (45) (46) (47) , spirometry in the NLST was performed as a prebronchodilator measurement rather than postbronchodilator, as recommended for clinical purposes. This means that a proportion of subjects we have classified as having airflow limitation may have had asthma or COPD-asthma overlap rather than COPD (i.e., full, partial, or minimal reversible airflow limitation, respectively), although this is likely to be only a small proportion of this elderly cohort of chronic smokers (mean age, 64 yr, and minimum 30 pack-years of smoking).
A second limitation of the study is that people with a life expectancy of less than 
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5 years were excluded from the NLST (22) . This might explain the relatively low prevalence of subjects with GOLD grade 3 and 4 in this study. A third limitation is that we do not yet have any measure of emphysema severity in the NLST-ACRIN screening participants so that the relationship between emphysema score (severity) and lung cancer incidence could not be examined across the screening participants. Moreover, other CT-based phenotypes, such as airway size, gas trapping, and interstitial lung disease, were not routinely recorded in the NLST study. There remains much debate as to which of the COPD phenotypes, airflow limitation or CTE, is more closely associated with lung cancer risk (6, 7) .
A fourth limitation of our study is that lung cancers identified during CT screening are not identical to those diagnosed in an unscreened cohort (22, 48, 49) . Results from the full NLST bear this out with an excess of both adenocarcinomas and BAC (now subclassified under adenocarcinomas) reflecting an "histology shift" (22) . Collectively, these results suggest that the lung cancers identified during screening include more indolent lung cancers than occurs without screening (47) . Results from the Dutch-Belgian Lung Cancer Screening Trial (NELSON) trial using volumetric assessment will help answer this question. If the Danish Lung Cancer Screening Trial is representative of the histological differences observed between screened and unscreened lung cancer (46) , then 38 cancers of the 45 excess cancers diagnosed in the CT arm (65% excess compared with no screening) were BAC and adenocarcinoma subtypes. A similar excess was reported by the Detection and Screening of Early Lung Cancer with Novel imaging Technology (DANTE) trial, suggesting that CT screening identifies a subgroup of cancers that would not otherwise come to clinical attention if no screening was done (48, 49) . A comparison of the lung cancer histology, after stratification by COPD, from the European trials will help confirm this observation.
Lastly, although we have been able to show that the GOLD severity relationship with lung cancer risk is maintained after stratification by screening arm (Table E1) , smoking status, presence of CTE, lung cancer detection ( Figure E3 ), and sex (unpublished findings), we are unable to comment on ethnicity, due to insufficient numbers in minority groups.
Conclusions
The presence of airflow limitation identifies smokers at greatest risk for developing lung cancer, with increasing severity being associated with an increased lung cancer IR (37, 38) . Airflow limitation is also associated with marginally more aggressive cancers and significantly less (or minimal) overdiagnosis (22) . Another finding of this study is that the risk of lung cancer is directly related to a reduced FEV 1 % predicted in a simple linear relationship, where even only minor reductions in expiratory flow rate (,90% in FEV 1 % predicted, GOLD U, or restrictive subgroups) confer an increased risk. Our results do not support the view that smokers with mild to moderate COPD are at more risk than those with GOLD 3-4 (10-12). The results of this study confirm previous studies, showing the severity of airflow limitation contributes substantially to differentiating smokers at low or high risk of lung cancer (7, 9, 28, 29, 38) .
We believe that our findings support the routine use of spirometry in asymptomatic adult smokers (50), especially those otherwise eligible for CT screening, where a "sweet spot" may help define those who will achieve the greatest benefit. n ORIGINAL RESEARCH
